THE extravascular component of coronary resistance represents all the mechanical and hemodynamic effects imposed on the coronary circulation by the surrounding myocardial tissue (Snyder et al., 1975) . Together with aortic pressure and autoregulation, the extravascular component is an important determinant of coronary blood flow, influencing not only its total value (Sabiston and Gregg, 1957) , but also its regional distribution across the left ventricular wall (Moir, 1972) . Intramyocardial compression in systole is thought to be greatest in the subendocardium and to decrease in more superficial muscle. Accordingly, during systole, flow is greatest in the subepicardial region and decreases toward the en-docardium Hess and Bache, 1976) , thus suggesting that most of the coronary blood flow to the subendocardial region occurs during diastole (Moir, 1972; Hoffman and Buckberg, 1976) .
Under normal physiological conditions, autoregulation always is capable of adjusting coronary blood flow according to the metabolic needs of the myocardium (Mosher et al., 1964) . However, in situations of limited supply as in coronary artery disease, this autoregulatory mechanism will become exhausted (Hoffman and Buckberg, 1976) , making coronary supply dependent only on aortic pressure and the extravascular component. Therefore, quantification of the extravascular component of coronary resistance and its dependence on hemodynamic conditions has considerable importance for the clinical management of the ischemic heart.
Since different interventions such as changes in preload or contractile state may have distinct effects on diastole and systole, the present work attempts to characterize the extravascular component at each instant of time throughout the cardiac cycle.
For this purpose, autoregulation was overriden with an infusion of adenosine, and left ventricular (LV) coronary flow was investigated at different perfusion pressures and end-diastolic volumes. In a smaller number of dogs the effects of heart rate and contractile state also were investigated.
Methods
Six adult dogs weighing between 20 and 35 kg were studied. Anesthesia was induced with sodium thiopentone (25 mg/kg, iv) and, following endotrachial intubation, the dogs were ventilated with a mixture of 1.0% halo thane, 33% oxygen, and 66% nitrous oxide, using intermittent positive pressure.
A midline stemotomy and pericardiotomy were performed and the left main coronary artery dissected. A metallic cannula connected to a variable height reservoir ( Fig. 1) was passed into the left subclavian artery and introduced into the left main coronary artery, being fixed into place by a ligature around the artery. Blood collected from a donor dog immediately before the experiment was infused slowly during the early stages of surgery. An equal amount of blood was removed simultaneously from an arterial line and used to prime the reservoir (Fig. 1) . The femoral arteries were cannulated and an arterial shunt established to the variable head reservoir by means of a variable speed roller pump, as shown in Figure 1 .
A heat exchanger was placed in series with the perfusion line, and the temperature of the blood perfusing the left main coronary artery was maintained at 37 ± 0.5°C. Rectal temperature was monitored with a mercury-in-glass thermometer, and heat loss was minimized by a warm air blower (Ronson Vent 2000) directed under the drapes, keeping body temperature at 37 ± 1°C. By adjusting the ventilator, or by slow intravenous infusion of NaHC0 3 , arterial pH was kept at 7.4 ± 0.02, arterial P02 at 100 ± 15 mm Hg, and arterial Pcoa at 42 ± 4 mm Hg.
Aortic and coronary blood flow were measured with an electromagnetic flowmeter (SE Laboratories SEM 275). The aortic flow probes were placed on the ascending aorta, and probe size was carefully chosen to minimize constriction of the aorta. All probes previously had been calibrated with blood under conditions of steady flow. Possible effects of the metallic cannula on the aortic flow pattern were investigated at the beginning of each experiment by recording the aortic flow signal before and after the introduction of the cannula into the aorta. In all experiments the aortic flow signal pattern was not affected by the cannula, although changes in the signal DC level were observed. For coronary flow a cannulating flow probe was inserted in the perfusion line about 60 cm from the coronary ostium. At the end of each experiment the coronary flow probe was calibrated by a timed collection method, using the dog's own blood.
Coronary perfusion and LV pressure were measured using catheter-tip pressure transducers (Millar Instruments, PC 350) . The perfusion pressure transducer was inserted in the perfusion line and advanced until its tip was close to the metallic cannula (Fig. 1) . The LV pressure transducer was placed inside the left ventricle via the left atrial appendage. Right atrial pressure was recorded with a Bell and Howell fluid-filled pressure transducer. The fluid-filled catheter was placed inside the right atrium after being introduced into the right femoral vein.
Left ventricular volume was measured with a mercury-in-silastic strain gauge according to the technique described by Wilson and Bergel (1975) . Each end of the transducer was stitched along the LV lateral surface. The final position of the transducer was chosen to give the best possible agreement between the aortic flow rate signal and the LV volume signal derivative (Devices 3640 differentiator) during systolic ejection. Special care was VOL. 45, No. 3, SEPTEMBER 1979 taken to prevent the strain gauge transducer from being overstretched in its final position. At the end of each experiment the heart was arrested with potassium and the strain gauge was calibrated against known volumes of saline injected into a rubber balloon placed inside the left ventricle through the apex.
All signals were recorded simultaneously on a Precision Instruments FM magnetic tape recorder at a speed of 3.75 inches/sec and on a Devices M19 pen recorder.
Protocol
At the beginning of the experiment, complete coronary vasodilation was produced by an infusion of adenosine into the blood perfusing the coronaries (Fig. 1 ) at a rate of 200 /ig/min. Maximal vasodilation of the coronary arterial bed was confirmed by the absence of a hyperemic response when the perfusion line was clamped.
Data were acquired at different coronary perfusion pressures obtained by raising and lowering the blood reservoir ( Fig. 1 ) at a constant level of LV filling volume. The latter was controlled by adjusting the speed of the roller pump connected to the femoral arteries. After a set of perfusion pressure levels had been recorded, end-diastolic volume (EDV) was changed and the procedure repeated.
In experiments in which heart rate was changed, contractile state and intrinsic rate were first lowered by an intravenous injection of practolol (1-2 mg). Pacing electrodes were stitched to the right atrium and pacing was established with a Palmer Instruments model 8048 stimulator. When a new stable heart rate had been achieved, another set of data at different perfusion pressures and EDV then was recorded.
At the end of the experiment, the LV volume transducer and coronary flow probe were calibrated and the hydraulic resistance of the metallic cannula was measured using the dog's own blood. The heart was excised and the left ventricle dissected and weighed.
Data Analysis
All signals and calibration levels recorded on magnetic tape were converted from analog to digital form at a rate of 200 samples/sec per channel on an IBM 1800 digital computer and permanently stored on digital magnetic tape for subsequent analysis.
The LV volume signal was calibrated by means of the calibration curve obtained at the end of each experiment and then automatically compensated in the computer for possible distortions resulting from non-axisymmetrical patterns of contraction during systole (Hawthorne, 1961; Rankin et aL, 1976) . This was accomplished by substituting the derivative of the LV volume signal by the inverse of the aortic flow signal during systole. During diastole the LV volume signal was left unchanged.
Since the perfusion pressure signal was measured ahead of the metallic cannula ( Fig. 1) , it was necessary to compensate for the effects of cannula resistance (Re) and inductance (Lc). The mean value of Re obtained in six measurements was 0.020 ± 0.0035 mm Hg min/mL, which agrees closely with the value computed with the Poiseuille's equation assuming a hematocrit of 40%. Cannula inductance was computed by the expression Lc = p (1«/A) (Spencer and Denison, 1963) where p is the density of blood and l e and A the cannula length and crosssectional area, respectively. Introducing these values, the resulting inductance is 0.162 mm Hg sec 2 / ml. The correct perfusion pressure on the large coronary vessels, P c (t) then can be estimated by:
where P m (t) and F m (t) are the measured perfusion pressure and coronary flow, respectively. Another variable for which compensation was needed is the coronary flow signal, F m (t) which, in our records, presents a sine wave-like pattern, thus differing from the well-established pattern whereby coronary flow is reduced abruptly with the onset of systole (Gregg and Fisher, 1963) . The coronary flow compensation procedure is explained in Appendix A.
To construct instantaneous pressure-flow curves, signals with the duration of 1 second (200 points) at a stable heart rate were extracted from the basic set of data stored on digital magnetic tape, according to different perfusion pressures and end-diastolic volumes. These signals then were shifted in time and synchronized with respect to end-diastole. Following this operation, the duration of each signal was reduced to 500 msec, which is adequate to represent one entire cardiac cycle for most of the heart rates studied. To investigate the effect of different EDV on the pressure-flow relationship, the basic ensemble was divided into three groups of 14 to 18 signals each, corresponding to low, medium, and high EDV.
Results
A typical set of pressure-flow relationships is presented in Figure 2 at a heart rate of 115 beats/ min, for each one of the characteristic phases of the cardiac cycle. The low EDV group (16-35 ml) is represented by triangles and the high EDV group (51-74 ml) by crosses. The continuous curves fitted to these points will be discussed later. To improve clarity, pressure-flow curves at medium EDV are not represented.
All pressure-flow relationships during diastole are linear, like the one presented in Figure 2 , for an instant of time at late diastole. During this phase, EDV has only a small effect on the pressure-flow relationship, although mean LV diastolic pressure is different for the two EDV groups (6 and 15 mm Hg, respectively, in Fig. 2 ). During isovolumic contraction, however, increases in EDV with parallel changes in LV pressure have a clear effect, reducing coronary flow at any given perfusion pressure. In addition, the pressure-flow relationship acquired a nonlinear characteristic with both curves considerably shifted to the right in relation to the diastolic ones. In this case, the mean LV pressure value of the 18 samples comprising the pressure-flow curve for the two EDV groups is 65 and 90 mm Hg, respectively. As shown in Figure 2 , similar curves are obtained during mid-ejection but now EDV has a variable influence. In three experiments, including the one represented in Figure 2 , EDV had no significant effect on the pressure-flow relationship, although large changes in mean ejection pressure are also present (101 and 136 mm Hg, respectively, in Fig. 2 ). However, in the other three dogs, EDV had similar effects during isovolumic contraction and ejection phases. During isovolumic relaxation, the pressure-flow relationship again becomes linear but with a different slope from that observed during diastole. During this phase, EDV has little or no effect on the pressure-flow curves; the corresponding mean LV pressure values in Figure 2 are 18.5 and 35 mm Hg, respectively. This characteristic behavior of the pressure-flow relationship throughout the cardiac cycle is representative of results obtained at a normal contractile state in six dogs. Moreover, the same overall pattern was observed when contractile state and heart rate were lowered with practolol in three dogs.
Discussion of the Observations
Instantaneous pressure-flow relationships of the maximally vasodilated canine coronary circulation, at different phases of the cardiac cycle, have not been shown before. Since autoregulation has been overriden, changes in the pressure-flow relationship taking place during contraction will reflect the extravascular component effect on coronary hemodynamics.
As shown here, the pressure-flow relationship is linear during diastole, becoming nonlinear with the onset of systole. A similar observation was made by Downey and Kirk (1975) who recorded mean pressure-flow curves in a branch of the left anterior descending artery during beating and arrested states. These authors explained the nonlinear segment of the systolic pressure-flow curves by a vascular waterfall model of coronary blood flow.
The waterfall mechanism (Permutt and Riley, 1963) defines the pressure-flow relationship (P C ,F C ) in a collapsible vessel as a function not only of its hydraulic resistance, Re, but also of the hydrostatic pressure surrounding the vessel (P t ) by:
In the coronary circulation, P t usually is represented by the intramyocardial pressure (IMP) ; this has been estimated as the critical pressure producing zero flow through arterial segments implanted on the LV wall (Baird et aL, 1970) .
Assuming P t to vary linearly across the LV wall from left ventricular pressure in the endocardium toward zero in the epicardium, Downey and Kirk (1975) set up a computer simulation of a vascular waterfall model showing the nonlinear nature of the pressure-flow relationship during beating states. Conversely, in the arrested heart, the absence of a tissue pressure gradient across the wall yields a pressure-flow relationship which is linear .
The vascular waterfall theory provides an attractive framework to support the discussion and interpretation of the data under analysis, since it permits the analysis of pressure-flow curves in relation to IMP, P t , and coronary vascular resistance, Re. Accordingly, increases in IMP will produce a parallel shift of the pressure-flow relationship to the right as predicted by Equation 2 . On the other hand, increases in coronary vascular resistance will change only the slope of the pressure-flow curve, moving it in the clockwise direction. The latter phenomenon can be illustrated by the different slopes of the pressure-flow curves obtained during isovolumic relaxation when compared with diastolic ones. This is suggestive of coronary resistance changes taking place during contraction. This finding is of interest since previous investigators have always assumed a constant coronary resistance throughout the cardiac cycle Archie, 1975) . This may have appeared so because of the much more important contribution of diastole when mean values of coronary flow are used to construct pressure-flow relationships .
Another interesting point that can be observed in the instantaneous pressure-flow curves during systole is that flow becomes zero or slightly negative at perfusion pressures as high as 60 mm Hg in some instances. This implies that, in the model proposed by Downey and Kirk (1975) , P t has to be different from zero at the epicardial surface, otherwise all curves would pass through the origin. This conclusion is not supported by the results of Brandi and McGregor (1969) , who estimated IMP falling to zero at the epicardial surface. On the other hand, Baird et al. (1970) measured IMP of up to 60% of LV pressure in the outer third of the myocardial wall, while Archie (1975) estimated subepicardial IMP that are significantly different from zero.
The importance of instantaneous pressure-flow relationships, therefore, is the possibility that they can be used as a basis for the estimation of instantaneous changes in coronary vascular resistance and IMP distribution during the whole cardiac cycle. To achieve this, a mathematical model of the extravascular component is formulated as described below.
Identification of Instantaneous Changes in Coronary Vascular Resistance and Intramyocardial Pressure
In this section, a model of the extravascular component of coronary resistance is developed, based on the vascular waterfall mechanism. In developing the model, a number of justifiable assumptions are made, but coronary vascular resistance and the distribution of IMP across the LV wall are left as basic unknowns whose values are identified by fitting the model to the pressure-flow data.
The geometry of the ventricle is represented here by a thick sphere of internal radius, a, and external radius, b. The main stresses in the sphere vary according to the inverse cube of the radius (r ) (Timoshenko and Goodier, 1951) . For this reason, the variation of IMP across the LV wall, Pi(r), is assumed here to follow the same mathematical law, that is,
where A and B are constants that can be determined from the boundary conditions. Assuming 
The coronary arterial tree is represented by two kinds of vessels, the large epicardial coronary arteries and the intramyocardial vessels, uniformly distributed across the LV wall. Only the latter will be subjected to the waterfall mechanism. If Rg is the resistance of the epicardial vessels, the effective perfusion pressure of the intramyocardial arteries, P c ', will be given by:
where P c is the coronary perfusion pressure and F c the total left ventricular coronary flow. Except for V M and Rg, each other variable defined here is a function of time. For simplicity, this is not represented in this or subsequent equations. Applying the vascular waterfall mechanism (Eq. 2) to an elementary myocardial volume, Av, centered around a point of radius, r, results in: a « r 0 (10) According to the definition of r 0 (Eq. 9) and the waterfall mechanism (Eq. 7), the volume of myocardium which is perfused (V p ) is given by: When the whole myocardial wall is perfused, r 0 = a and Equation 14 will reflect a linear pressureflow relationship. On the other hand when a < r 0 < b, V p and ro will vary with perfusion pressure, characterizing a nonlinear pressure-flow curve as observed during systole.
Parameter Estimation
In Equation 14, most parameters are known, with the exception of P., Pb, Re, and Rg. The latter has been assumed as 5% of the total diastolic coronary resistance of the maximally vasodilated heart; that is, approximately 0.005 mm Hg min/ml. P« is taken as intraventricular pressure, since this is the pressure acting on the endocardial surface. Therefore, only P b and Re remain undetermined in Equation 14. In Appendix B, it is shown how Pb and Re can be obtained by fitting the extravascular component model to the pressure-flow data by the method of least squares.
Model Results
Individual pressure-flow curves predicted by the model are shown in Figure 2 as continuous lines.
Following the data to which they are fitted, the model results show linear pressure-flow relationships during diastole, changing to nonlinear curves during systole. Figure 3 shows the resulting waveforms for Pb and Re when 100 instantaneous pressure-flow relationships with 18 points each are analyzed by the method outlined above. For each pressure-flow curve, the mean LV pressure and volume are also computed, resulting in the waveforms presented in Figure 3 . To illustrate the accuracy of the model and the error involved in the estimation of Pb and Re, the ensemble correlation coefficient and quadratic error between model and data are presented for every point throughout the cardiac cycle. The latter has the units of flow and remains between 5% and 10% of the mean values of flow recorded in the maximally vasodilated heart. Identification of Pb and Re was accomplished in 30 distinct sets of data, that is, three EDV groups in 10 interventions (six dogs). The minimal correlation coefficient between data and model results for 3000 pressure-flow curves investigated was 0.94.
In all 30 resulting waveforms, Pb presented temporal changes following LV pressure during isovolumic contraction and relaxation. During ejection, however, Pb remains flat or shows an inflection, as observed in Figure 3 . At peak LV pressure, Pb averaged 42.1 ± 13.3% (n = 30) of intraventricular pressure. Quantitatively, it was not possible to establish a constant relationship between Pb and LV pressure for each instant of time. During diastole, Pb ranged between zero and 20 mm Hg, showing no relation to LV pressure. From one EDV group to the next, Pb remains constant or slightly increased or decreased, therefore suggesting that epicardial IMP is independent of changes in LV volume.
For the majority of interventions analyzed, coronary resistance (Re) increases during systole according to the pattern displayed in Figure 3 . In only one dog Re remained constant throughout the cardiac cycle. As observed in Figure 3 , Re increases with the onset of ejection rather than the beginning of systole, reaching its peak value just prior to LV relaxation. This typical pattern seems to suggest an inverse relationship between coronary vascular resistance and active LV shortening. To test this hypothesis, coronary resistance for the low and high EDV groups was plotted against the mean LV volume waveform (as shown in Fig. 4) for two different dogs. In a single coronary resistance-LV volume loop, Re is clearly varying inversely with volume during ejection, remaining volume-independent during diastole and isovolumic contraction. These loops are typical of what was observed in eight interventions in five dogs. As shown in Figure 4 , increases in EDV do not seem to affect coronary resistance during diastole. However, the peak value of Re, attained at end-ejection, is reduced from the low to the high EDV group by 3.07 ± 2.52 mm Hg ming/ml (P < 0.025). VOL. 45, No. 3, SEPTEMBER 1979 EPICARDIAL IMP Since the increase in Re during ejection is modulated possibly by intraventricular pressure, normalized values of resistance were computed, dividing Re by LV pressure. This normalized resistance is plotted in Figure 4 during ejection for the three EDV groups, confirming the inverse relationship between coronary resistance and LV volume during this phase. In addition, increases in EDV seem to reduce considerably the changes produced in normalized resistance by active LV shortening.
Effects of Practolol Injection. Lowering heart rate and contractile state with practolol in three dogs prolonged the duration of the epicardial IMP pulse (Pb) concomitantly with temporal changes in the LV pressure signal. In these dogs, for the same end-systolic volume, peak coronary resistance was reduced slightly in two dogs (23.6% and 12%, respectively), remaining unchanged in the third one. Estimation of Regional Coronary Flow Patterns. When Pi(r), the IMP distribution, is calculated by Equation 5 for each instant of time, Equa-tion 7 permits the estimation of instantaneous coronary flow densities, f c (r), across the myocardial wall. By dividing the left ventricle into four concentric layers and integrating f c (r) through each layer, regional coronary flow can be estimated as illustrated in Figure 5 for the epicardial and endocardial layers. This estimation shows epicardial flows little affected by systole, whereas flow in the endocardium is considerably reduced during this phase. When comparing the epicardial with endocardial flows, one must take into account the larger volume of the epicardial layer.
Discussion
Using a model of extravascular component based on the waterfall mechanism, patterns of coronary vascular resistance (Re) and epicardial IMP (P b ) were estimated by fitting the model to experimental pressure-flow curves. The model not only explains the different pressure-flow relationships observed, but also allows the estimation of instantaneous -115 beats/min (left) and 133 beats/min (right) . The continuous line loops correspond to low and high EDV groups, respectively. Normalized resistance is defined as coronary resistance divided by L V pressure; only the ejection phase is represented. Circles, triangles, and crosses correspond to low, medium, and high EDV groups, respectively. regional coronary flow patterns, an important possibility for the study of subendocardial ischemia (Hoffman and Buckberg, 1976) .
The high correlation coefficient obtained between model and data (Fig. 3) show that the model proposed here is quite adequate to represent instantaneous pressure-flow curves of the entire LV coronary arterial bed. Therefore, little is gained by the use of a more realistic description of LV geometry or consideration of the characteristic anisotropy and inhomogeneity of myocardial tissue (Streeter et al., 1970; Smaill, 1975) . Identical considerations apply regarding the assumption of a coronary vascular resistance which is independent of radius, that is the position across the myocardial wall. The data obtained here, for total LV coronary flow, do not permit differentiation between the present model and one in which coronary vascular resistance increases from endocardium to epicardium, as sug-gested by the studies of Estes et al. (1966) . More detailed information about the precise IMP distribution, and possible changes in Re across the LV wall therefore can be obtained only when instantaneous pressure-flow relationships, employing regional data, are constructed. At the moment, this approach is severely restricted by the methods that are available for measuring regional blood flow in the left ventricle (Hoffman and Buckberg, 1976) .
Measurements of IMP, using catheters or vascular segments implanted in the myocardium, have always been interpreted with reservations because of the artifacts that can be introduced by their own measuring techniques (Hoffman and Buckberg, 1976; Baird et aL, 1970) . This paper presents an alternative approach in which information about LV IMP is derived from instantaneous pressureflow relationships of the coronary circulation. The resulting waveform for P b , the epicardial IMP, VOL. 45, No. 3, SEPTEMBER 1979 shows a temporal pattern varying in accordance with LV pressure, assumed here to reflect endocardial IMP. The corresponding distribution of IMP across the LV wall at peak LV pressure, calculated from Equation 5, is in general agreement with experimental observations of Baird et al. (1970) in the subendocardial and subepicardial regions. In the middle of the LV wall, however, the model seems to predict lower values for IMP than those recorded experimentally (Baird et al., 1970) . This difference possibly may be the result of changes in fiber orientation across the LV wall which have been shown to increase the stress distribution in the mid-wall (Streeter et al., 1970; Smaill, 1975) . In contradiction to the original waterfall model of Downey and Kirk (1975) , values for epicardial IMP greater than zero have been obtained here. Theoretically, the pressure acting on the outer epicardial surface must be zero considering the openchested preparation adopted in the experiments under discussion. However, by definition, the epicardial IMP acts on the inside of the epicardial surface where the non-zero contribution of circumferential stresses may explain the high values found here. Similar values were obtained by Baird et al. (1975) on the outer third of the myocardial walL Hitherto, "coronary resistance" has been defined by most investigators as the ratio between coronary perfusion pressure and flow (Snyder et al., 1975; . From the instantaneous pressure-flow curves presented in Figure 2 it is clear that the above definition is misleading, mainly during systole when high values of IMP are present. Since a vascular waterfall mechanism seems to be operating in the coronary circulation , Equation 2 shows the inadequacy of the classical definition, that is, 1 £•»• (15) This value is highly dependent on perfusion pressure, tending to infinity as P c approaches tissue or IMP. For the above reasons, "coronary resistance" in this work is associated with the slope of individual pressure-flow curves (Re) and the standardization of this definition must be recommended strongly.
Estimation of changes in coronary resistance from pressure-flow curves has shown an increased coronary resistance during ejection and isovolumic relaxation, contradicting previous assumptions of a constant resistance throughout the cardiac cycle Archie, 1975) . As shown here, in a single cardiac cycle, coronary resistance increases with active LV shortening, suggesting that coronary vessel deformation is taking place as the ventricle shortens. This hypothesis is supported by the reduction in systolic coronary resistance produced by increases in EDV as shown in Figure 4 and by a previous investigation in which showed that ventricular shortening per se increases mean values of coronary resistance (as denned by Eq. 15) by 18% of its value in the arrested heart. Since increases in EDV reduced the changes in Re occurring during systole without affecting the epicardial IMP signal, the results of our investigation suggest that increases in EDV, independent of changes in LV pressure, would improve myocardial perfusion during systole and have no effect during diastole. Whether this phenomenon plays any sig-nificant role in the Frank-Starling mechanism remains to be investigated.
Appendix A Coronary Flow Compensation
Two different experiments were performed to clarify the nature of the observed distortion in the measured coronary flow signal. In the first case (Fig. 6) , the perfusion line was tested outside the dog, and output flow was measured with a second electromagnetic flowmeter placed on the tip of the metallic cannula. Producing very fast transients in this output flow, we observed an almost identical flow pattern in the second flowmeter, which is the one used to record coronary flow during the experiments. Therefore, this test shows that no distortion is imposed by the perfusion system itself. Following this test, during one of our experiments, an additional 3-mm flowmeter was placed around the circumflex artery, thus allowing two simultaneous measurements of coronary flow. As shown in Figure  7 , the pattern of circumflex flow is distorted in the same way as total coronary flow measured in series with the perfusion line. Again, this shows that there is no time delay phenomenon involved and that flow is already distorted at the level of the large epicardial arteries. As soon as the cannula is removed from the left main coronary artery, circumflex flow resumes its classical pattern (Fig. 7, right) , thus showing that flow distortion is caused by cannulation of the coronary artery. The conclusion of these experiments is that coronary flow signal distortion is caused by the finite compliance of the large coronary vessels in combination with the hy-draulic resistance of the metallic cannula connected to the left main coronary artery.
Assuming the coronary artery compliance to be concentrated at a single point and the intramyocardial vessels to be non-compliant, it is possible to estimate the real coronary flow in the intramyocardial vessels, F c (t), as F m (t) -C c dP.(t)/dt Fe(t) (A.1) where C c is the compliance of the large coronary arteries, P c (t) the perfusion pressure, and F m (t) the measured coronary flow. Measurements of C c in the dog (Patel and Janicki 1970; Douglas and Greenfield, 1970) have shown that its value decreases with pressure, as in other large vessels of the circulatory system. To take this effect into account, C c was assumed to decrease exponentially with perfusion pressure. The values of C c adopted here, leading to coronary flow patterns F c (t) in agreement with the classical pattern ( Fig. 8) , are typically 0.01 ml/mm Hg at 20 mm Hg, falling to 0.005 ml/mm Hg at 140 mm Hg of perfusion pressure.
The compensation process is shown in Figure 8 . In this figure it is important to observe that the "correction factor" signal is approximately zero during diastole and again, for 50 msec during ejection. This implies that no compensation effects are present in pressure-flow curves obtained during diastole or ejection. On the other hand, the compensated coronary flow signal is reduced with the onset of isovolumic contraction, as is usually observed in the absence of a perfusion system. Therefore, this signal should reflect the true blood flow inside the myocardium.
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FIGURE 6 Test of the perfusion system removed from the dog. Two different measurements are shown, left and right. The flowmeter measuring "output flow" was placed on the tip of the metallic cannula, whereas the "recorded flow" signal corresponds to a flowmeter placed in the same position adopted to record total coronary flow during experiments. VOL. 46, No. 3, SEPTEMBER 1979 7 Effect ofperfusion system on the coronary flow measured in the circumflex artery with a 3-mm probe. With the metallic cannula inside the left main coronary artery, circumflex flow presents the same pattern as total coronary flow measured in series with perfusion system (left). As soon as the cannula is removed, coronary flow is reduced abruptly with the onset of isovolumic contraction.
Appendix B Fitting the Extravascular Component Model to Pressure-Flow Data
When assumptions are made regarding the values of P« and Rg, only Pb and Re remain to be identified in Equation 14. In this Appendix, we show how this can be accomplished by an iterative least-squares method. Initially, we assume that the epicardial IMP value, P b , is known. In these circumstances it is possible to demonstrate that Re can be estimated directly by the method of least squares, as follows. In practice, the value of Pb is unknown and an iterative procedure must be adopted. The pressureaxis intercept was estimated by linear regression, and the initial value of Pb was taken as 20 mm Hg above this value. Re was computed from Equation B.7 and the quadratic error between model and data from Equation B.6. The initial value of P b then was reduced in steps of 1 mm Hg and the whole procedure repeated until a minimum of ? was achieved. At this point, the values of Pb and Re were taken as the final results and the accuracy of the model assessed by means of the correlation coefficient computed as: This computation was carried out for each of the 100 pressure-flow curves comprising the 500-msec signals. In addition, the mean LV pressure and volume of the N pressure-flow data points were calculated for each instant of time.
One approximation adopted here in computing r o (Eq. 10) is to assume P c ' = P c . This is possible because of the small value of R, (Eq. 6). At higher values of R,, as in the simulation of coronary artery disease, this approximation will lead to underestimation of r o and an iterative calculation must be used instead.
During diastole, Pb tends to remain above LV pressure (PLV) in most of the interventions analyzed here. Since, from the pressure-flow curves, Pb represents the minimal IMP across the LV wall at each instant of time, the following definition of P« has been adopted: P = ( P L V F " lPb when P LV > P b (B.9a) when P L v < P b (B.9b) This definition implies that the IMP distribution is flat during diastole whenever left ventricular pressure is lower than the estimated epicardial IMP signal.
that the many descriptions of diabetic angiopathy, in particular the capillary basement membrane anomalies (Beauchemin et al., 1975; Handelsman et al., 1962; Parving et al., 1976) in humans and animals, would predict that major vascular disturbance. However, in the majority of studies, diabetes is well established before the vasculature is observed. Consequently, there is a distinct possibility that the initial lesion, and cause of the lesion, in diabetic angiopathy is masked by partial compensation, as well as secondary pathology, if the vasculature is not studied as early as possible.
If diabetic angiopathy occurred in only hyperglycemic animals with deficient amounts or activities of insulin, the study of angiopathy would be facilitated. However, Beauchemin et al. (1975) report that hyperglycemic mice with increased or decreased plasma insulin concentrations have abnormally thickened capillary basement membranes. In addition, Papachristodoulou et al. (1976) report that
